Here we report a numerical approach to model a four quadrant energy dispersive x-ray spectrometer in the transmission electron microscope. The model includes: detector geometries, specimen position and absorption, shadowing by the holder, and filtering by the Be carrier. We show that this comprehensive model accurately predicts absolute counts and intensity ratios as a function of specimen tilt and position.
Introduction
Energy Dispersive X-ray Spectroscopy (EDS) is widely used for qualitative and quantitative elemental composition analysis at the nanometer scale [1] . Recent developments have focused on improving the X-ray signal collection efficiency by either adding more detectors or using a larger collection area [2] . For example, the FEI Super-X system incorporates four windowless 30mm 2 SSD detectors that are placed symmetrically around the optic axis. The total collection angle of such systems is 0.7 or 0.9 sr depending on the pole piece geometry [3, 4] . Furthermore, the use of windowless detectors in this configuration further increases the collection efficiency for light elements [5, 6] .
Advances in EDS detector technology, paired with high brightness of field emission guns and aberrationcorrection, have enabled routine atomic-resolution EDS elemental mapping. With this capability, attention has turned to quantifying elemental composition on an atom column by atom column basis [7] [8] [9] [10] [11] [12] [13] . Beyond accounting for the complexities of electron channeling, quantitative atomic resolution elemental mapping also requires knowledge of detector collection solid-angle [13] . When the sample is titled however, e.g. to zone axis condition necessary for atomic resolution, the full collection solid angle can be reduced if the specimen holder shadows the detector [14, 15] .
In the Super-X configuration, at least one of the four detectors will be inevitably blocked or shadowed as the sample holder tilt increases. Furthermore, specimen shift can play a role in determining which X-rays are collected. Beyond the holder and sample, the Be specimen carrier can also absorb a significant fraction of the X-ray signal, especially for light elements. Rather than an absolute number then, the effective collection solid angle will change as the sample is tilted and/or shifted, which cannot be accounted for from calibration alone. As a result, absolute EDS quantification at the atomic scale becomes even more challenging. Instead, a sufficiently complex theoretical model to predict the variation of effective collection angle or absorption correction factors with the specimen tilt and shift would provide critical insights and information. Recently, Yang et al [16] have provided analytical solutions for absorption correction in the Super-X configuration while
Yeoh et al. considered the effects of holder shadowing in EDS tomography [15] . Slater et al. also reported optical measurements of a tomography holder to better integrate holder geometry in EDS tomography quantification [17] . A more complete model, however, is still lacking.
In this work, a comprehensive numerical model that includes the precise geometry of the specimen holder to determine the combined effects of specimen absorption, Be holder absorption, and holder shadowing is developed. We find that when tilting the specimen, the geometric variance between the specimen and each detector introduces important contributions that should be taken into account, particularly when tilting beyond even 10
• . Furthermore, using Ni 3 Al as a test case, we validate the model by directly comparing total absolute counts and intensity ratios from experiment with those calculated with the model. Through the model, we provide fundamental insights into the complexities of how X-rays reach each detector as a function of tilt and position. The results provide important input to achieve accurate quantification as detector geometries become increasingly complex.
Materials & Methods
Samples of Ni 3 Al were prepared either by wedge polishing or focused ion beam (FIB). The wedge polished sample was first mechanically thinned with an Allied Mulitprep system using diamond lapping films, and subsequently ion-milled to electron transparency with a Fischione 1050 ion mill. The FIB sample was prepared using an FEI Quanta 3D FEG dual-beam instrument, which was was directly cut from a bulk sample and attached in the middle of 'M' shaped PELCO R Mo grid. The sample was then further thinned using 30 kV Ga + ions that was then stepped down to 5 kV and 2 kV for final polishing.
A probe-corrected FEI Titan G2 microscope operated at 200 kV and equipped with a four-quadrant FEI Super-X detector was used throughout. A FEI low background double tilt specimen holder (LB DT HiVis specimen holder FP6595/20) was used. EDS spectra were acquired along X-and Y-tilt axes using an area of about 200×200 nm 2 to reduce beam damage and carbon contamination. At each specimen tilt, the signal on each of the four Super-X detector segments was acquired individually. The probe current, measured using a calibrated CCD, was approximately 121 and 95 pA for the wedge-polished and FIB samples respectively.
The CCD was calibrated using a picoammeter, with a precision of about 0.1 pA, connected to the EELS drift tube. The EDS acquisition rate was in the range of 0.1-1.7 kcps per detector depending on the tilt. For each spectrum, the live time was 69 and 135 s for FIB and wedge-polished samples respectively. Note that, the live time τ was different from the total experimental acquisition time, influenced by the dwell time for each pixel. Strong electron channeling conditions were avoided. Furthermore, the acquisition area was kept approximately constant. For the wedge-polished specimen, the acquisition position was at approximately -0.11 mm, -0.12 mm and 0.29 mm along x, y and z directions relative to the optic axis. The FIB sample was shifted 0.37 mm, 0.02 mm and 0.22 mm along x, y and z.
The tilt series data were acquired at approximately the same thickness, as monitored by electron energy loss spectroscopy (EELS) with a collection semi-angle of 39 mrad. Compared to using a constant location, this strategy largely reduced the possible position variation or uncertainty during the X/Y tilt experiment.
The sample thickness was kept at a constant value of 1.0 inelastic mean free path for the wedge-polished sample, and 1.5 inelastic mean free paths for the FIB sample. This corresponds to thicknesses of 84 and 126 nm for the wedge-polished and FIB samples, respectively, as estimated from the Malis model with error of approximately ±10% [18, 19] 3. Description of the numerical model Figure 1a shows a geometric overview of a FEI Super-X detector, with the specimen placed at the origin.
Four detectors are symmetrically placed about the sample with a polar angle, θ = 18
• , and azimuth angles,
• , respectively. To discretize the detector, differential elements are given by dθ and dϕ, as in Figure 1b . A factor of sin θ i is included to normalize the intensity of each X-ray. Note that the index i indicates a discrete X-ray detector element, or equivalently a X-ray trajectory from the sample.
The solid angle for each differential detector element is then:
After discretization, only those X-rays that pass into the detector area are considered. Based on the central point, P i , that each X-ray passes through a detector, we define the plane normal of that detector
where δ D is the angle that the detector could be tilted along the OP × PQ direction, O, at distance r from the detectors. P and Q define points within each detector plane and projected onto the specimen plane, respectively. (b) X-rays generated within the specimen are discretized onto the detector surface, defined by surface normal n 0 , within differential solid angle elements centered about points P i .
By solving Equation 2
, we obtain a large set of intercept coordinates (P i ) from the X-rays that pass through the detector plane. This process is then repeated for each of the four different detectors. By considering only those intercepts with |P i P 0 | less than the detector radius, the complete set of the X-rays, OP i , that can be collected by the detectors is determined. For convergence, dθ and dϕ intervals of 0.2 • are sufficient to fully describe the detectors. Note that this numerical approach can be used to accommodate any arbitrary number of detectors or detector shape by modifying the above criteria.
As the nominal total solid angle is 0.7 sr for the Super-X system, the distance from the specimen to the center of the detector |OP 0 | is approximately 12.0 mm. Here, we consider only the collimated area of the detector (26.4 mm 2 ), i.e. active detector radius of 2.9 mm [20] , and a detector elevation angle of 18
• ). δ D is assumed to be zero due to the lack of manufacture information, which proves to be reasonable as the results are found to be insensitive to its variation.
It should be noted that the model incorporates knowledge of specimen to predict the detector-collection angle, including specimen thickness, depth, coordinates of the specimen with the pole-piece gap, specimen grid geometry (if it happens to block the X-ray signal) and the inclination angle between specimen and the primary axis of the holder, i.e. specimen geometry. Other factors related to the microscope such as the geometry of detector, holder frame, specimen carrier, Softlock securing clip are directly incorporated without additional inputs. Furthermore, we distinguish between selective filtering effect (which absorbs a certain ratio of low energy X-rays) from shadowing effect (which blocks X-rays).
Before delving into further details, we highlight a variety of factors that will also influence which of the X-rays leaving the sample can reach one of the four quadrants. To do so, we introduce an effective detector solid-angle, Ω eff that is determined by summing over all discrete, i, detector positions and sample thicknesses, t.
The A i,x factors include the absorption by the specimen, A i,spec , and absorption by the sample carrier,
In addition, the specimen holder frame B i,frame , sample securing clip B i,clip and/or supporting grid B i,grid may absorb nearly 100%, i.e. block, of the X-rays. Each contribution is determined according to the model presented below.
The above model can be incorporated to predict the absolute X-ray intensity, which is proportional to the solid angle and composition according to [21] ,
where N v is Avogadro's number, I e is the incident probe current, e is the elementary charge, τ is the live time of signal acquisition, ρ is the specimen density, t is the specimen thickness, Q i is the ionization cross-section, ω i is fluorescence yield, a i is the relative transition probability, i is the detector efficiency,
is the elemental concentration in the specimen. For Ni 3 Al specimen, Q Al−K and Q Ni−K are 2264 barn [22] and 255 barn [23] , ω Al−K and ω Ni−K are 0.0357 [24] and 0.414 [23] , a Al−K and a Ni−K are 1, considering all K-shell x-rays, Al−K and Ni−K are 0.982 and 0.980 [4] , respectively. The calculated effective solid angle in the model can be directly integrated into composition analysis of experimental measurements of X-ray intensities for different elements. Specifically, the predicted Ω eff and can then be incorporated into the Cliff-Lorimer equation for different elements [25] ,
where Ω ef f,B /Ω ef f,A is then a correction factor to the ideal k-factor k AB [1] .
Shadowing by the specimen holder
As detailed above, incorporation of the detector geometry alone is insufficient to fully account for the absorption and blocking effects. For example, consider the FEI sample holder shown schematically in Figure   2 . The holder is constructed of a brass holder frame, a Be specimen carrier, and a Softlock securing clip. The machined parts are illustrated via different colours. The specimen support grid, which is usually Mo or Cu, is also included. When the specimen is tilted or shifted relative to the detectors, X-rays generated by the specimen may be blocked by the specimen holder depending upon its geometry and material. In conventional single detector EDS, holder shadowing can be avoided by tilting the specimen toward the detector. This approach fails, however, for the Super-X configuration. A favourable specimen tilt toward one detector will cause unfavourable shadowing effects for the other detectors (see Supplement Movie 1). Absolute quantification in Super-X configuration can thus require that this contribution be taken into account. Among the X-rays generated by the sample, those exiting toward the inner wall of the holder frame are blocked, introducing shadowing. The inner wall shows axial symmetry along its horizontal center line, but
shows no axial symmetry along the vertical center line co-linear with the specimen center. This geometric feature introduces a shorter distance between the specimen to the wall (OD) in Figure 3a than that in Figure 3b . In addition, the holder frame has stepwise geometry on its side view as shown in Figure 2b . Its left portion is shorter than the right portion, which reduces the degree of X-ray shadowing along the path to detectors 1 and 4 compared with that to detectors 2 and 3. In addition to the inner wall, the sidewalls on the frame step can also block the X-ray (marked as SW1-SW4 in Figure 2 ), making the consideration of holder shadowing more complicated. As we have discretized the X-rays that can reach the detectors, we need to further reject X-rays that will be blocked by shadowing. To do so, the geometry of the holder is first measured from optical microscopy images. A complete set of coordinates M, which represents the upper boundary of the inner sidewall of the holder frame is obtained with intervals as small as 0.1 mm. For each X-ray, a coordinate M j (x j , y j , z j ) from the set M is obtained by searching the minimum angle between the X-ray path and OM j , which represents the shortest distance from holder boundary to the X-ray. The inner sidewall that passes the holder frame boundary M j (x j , y j , z j ) is then defined by its plane normal n j . The holder tilt about x-axis is also considered, representing as a rotational matrix R. We then solve the following equation to obtain the intercept point N i (x i , y i , z i ) of this X-ray on the vertical plane of the inner sidewall.
, this X-ray will be accepted; otherwise, it will be rejected. Note that for X-rays traveling close to the frame step corner, additional comparison between N i (x i ) and M j (x j ) is needed.
We also note that this algorithm reduces the dimension of holder frame shadowing model from 3D to 2D, which largely improves the computational efficiency.
The holder sidewalls can also block X-rays. Using an approach similar to Equation 6 , the coordinates of the four corners of the sidewall can be used to define the sidewall plane. Each X-ray passing through this plane can then be readily tested to determine if it is located within the sidewall region or not. If so, the X-ray can then be rejected.
Utilizing this algorithm for all X-rays that travel to the detectors, the model rejects all possible X-rays that are blocked by the complex shape of the holder frame. The acceptance or rejection is then included in the effective collection solid angle by,
The above procedure is visualized in Supplement Movie 2. Furthermore, the X-ray acceptance and rejection conditions are illustrated in Figure 4 .
In addition to the holder frame, it is found that two legs of the Softlock securing clip (50 µm thick) can block X-rays on their way to detector 2 or 3 as shown in Figure 3 The blocking effect from these clip legs can be modeled in a similar way as that for holder frame sidewalls with Eqn. 7, but with clip shadowing expressed as B i,clip . When placed on the top of specimen, the support grid can also block low angle X-rays.
As in Figure 2a , a 1×2 mm slot-shaped hole is seen in the grid center. Considering the simple and symmetric shape, the grid geometry is modeled analytically. For each X-ray, the intercept point at the grid horizontal plane is first calculated. This enables the position comparison between the intercept point and the hole edge to assess X-ray blocking. The shadowing effect of specimen grid is then expressed in the variable B i,grid .
X-ray filtering by the specimen carrier
The Be specimen carrier absorbs low energy X-rays of less than 2-3 keV but allows higher energy X-rays to penetrate through. An example can be drawn from the Ni 3 Al specimen where the attenuation coefficient of µ Al−K and µ Ni−K in Be is 188.8 and 1.0 cm −1 , respectively [26] . In that case, 97% of Al-K and 2% of Ni-K X-rays will be absorbed when traveling a distance of 100 µm through the Be carrier. The geometry of the specimen carrier is treated as a hexagonal prism whose interior truncated by a cone. X-rays can travel through the Be specimen carrier via its top or its outer sidewall (i.e. path FG or path HI), resulting in X-ray filtering.
We approximate the FEI specimen carrier as a hexagonal prism whose interior is defined by a truncated cone as shown in Figure 5 . The following attenuation function is then used to calculate the penetration percentage, A i,carr , of X-rays through the Be specimen carrier,
where l i is the distance that each X-ray travels within the Be carrier, µ is the attenuation coefficient in
Be carrier with its value dependent upon the incoming X-ray energy, and ρ Be is the density of Be (1.848 g/cm 3 ).
We calculate the distance l i between two intercept points that each X-ray travels in and out the specimen carrier, i.e. F and G, as indicated in Figure 5 . The X-ray can either exit the hexagonal prism through the has a notch that decreases the penetration distance for particular X-rays. With the precise geometry of the specimen carrier numerically defined, this subtle feature is also included in the model.
Specimen absorption
X-rays can also be absorbed as they travel through the specimen before reaching vacuum. Assuming that the X-rays are generated with equal probability along the beam direction, and that the path can be divided into N slices through the specimen thickness, the attenuation factor can be calculated for each each slice at depth of t according to,
where s i,t is the distance that each X-ray travels inside the specimen when generated at depth t, µ is the attenuation coefficient, ρ is specimen density. The specimen geometry is simplified by considering that the top surface of the specimen is flat, but potentially inclined relative to the beam. This simplifying assumption is a good approximation for a sample without strong local bending or distortion. In addition to wedge-polished samples, this approximation is applicable to electropolished samples. Additional considerations, however, are required for dispersions/replicas on carbon supports due to their more complicated geometry.
For wedge shaped samples, the top surface allows two degrees of freedom regarding its angular relationship to the holder horizontal plane, i.e. inclined by α s and β s relative to the X and Y axes of the holder. While the wedge angle can, in principle, be measured, the inclination angle is difficult to externally measure as it changes with grid mounting and local distortion specifically at thin areas. Therefore, α s and β s are regarded as internally calibrated values that can be estimated from a tilt series prior to EDS quantification within a particular region. In other words, α s and β s can be estimated via searching the smallest deviation between calculation and experimental results from both counts and counts ratios as a function of tilt. The search should be within the reasonable range that represents the wedge shape sample. These two angles are added as input parameters to the model in order to accurately calculate the distance s i , after calibrating them from experimental data,
where n s is the plane normal of the specimen top surface, n s = R s R where,
Also, the bottom plane of the specimen can generally be ignored as the detected X-rays only escape from the specimen top surface when using the FEI low background double tilt specimen holder. For tomography holder, however, X-rays can exit from the bottom plane of holder when orientated at high angles of tilt. Note that when using a single EDS detector, the absorption correction for an inclined surface of a wedge-shaped sample was previously developed in Ref. [27] .
Model Validation and Insights
To validate the model, we compare experiment and calculations of X-ray signals collected as a function of specimen tilt using a wedge-shaped Ni 3 Al specimen. Ni 3 Al is chosen as an excellent test candidate due to its well separated Ni and Al characteristic X-ray peaks and the strong absorption of Al-K X-ray by Ni. The specimen has inclination angles of 1 • and 3 • (α s and β s ) relative to X and Y axis of the holder, respectively, as determined by comparing predicted absolute counts and signal ratios to experiment.
With regards to absolute counts, Figures 6 shows that the experimental Al-K and Ni-K counts change in a complicated fashion as a function of X-tilt from -30
• to +30
• . The effective solid angle and precise tilt conditions are predicted from the model with all the contributions described above. Furthermore, the predicted X-ray intensity is calculated via Equation 4, which allows absolute comparison to experiment. As shown in Figure 6 , the calculated (solid lines) and experimental results (dots) show excellent agreement for each individual detector as well as the detector sum. For example, consider detector 2. Al-K counts gradually increase during -30
• to 5 • of tilt, followed by a slow increase as shown in Figure 6a . Similarly, the Ni-K counts gradually increase from -30
• to 5
• of tilt in Figure 6b . As tilt increases, the Ni-K counts remain approximately constant compared to the Al-K, indicating less specimen absorption.
From insights provided by the numerical model, the behavior of Ni-K and Al-K signals in the -30
• range results from the combined effects from shadowing and carrier filtering. The gradual increase for Al-K for the positive tilt range results from strong specimen absorption. Similar trends are also found in Figure 7 when the specimen is tilted along Y-axis. In contrast to the X-axis tilt, Ni-K counts from the detector pair 2/3 reach a lower maximum than that from the detector 1/4 pair due to the additional shadowing effects from Softlock securing clip.
When the signals from all four detectors are summed, the maximum Al-K and Ni-K counts are observed near zero tilt, indicating that the combined effects are optimized for all detectors simultaneously. This confirms that zero or near-zero specimen tilt is the preferred experimental condition to obtain the highest Xray acquisition rate [4] . In many situations, this may not be practical due to other constraints, e.g. achieving zone axis conditions for atomic resolution elemental mapping. Furthermore, we note that some experimental counts appear to be higher than the model predictions. While strong channeling conditions were avoided, some tilt conditions may be closer to channeling conditions than others, which is not accounted for in the model. In situations where one X-ray type may be preferentially absorbed within the specimen, e.g. Al-K in Ni 3 Al, the intensity ratio, Al-K/Ni-K, can be strongly influenced by the four quadrant geometry as in Figure   8 . Despite the similarity in their general trends, the intensity ratio for each detector is quite distinct. As in Figure 8a for example, the intensity ratio from detector 1 is higher than that from detector 2 at positive tilt angles, while the trend is reversed at negative tilts. A similar trend is also seen from detector pair 3 and 4. Furthermore, the separation of the intensity ratio for detectors 1 and 2 is larger than that between detectors 3 and 4.
When all detectors signals are summed, the intensity ratio is found to vary with respect to tilt angle.
While the ratio deviates slowly for small tilt angles, the deviation introduced at high tilt angles can be as large as 30%. Critically, the presented model quantitatively reproduces the observed trends. Moreover, this result demonstrates the need for calculated absorption correction factors based on specimen tilt conditions to conduct quantitative EDS analysis with the Super-X detector system.
Using either the absolute counts or intensity ratio, the estimated composition can be obtained from however, the relative error can reach ∼10% for the detector sum. These above findings suggest a counterbalancing effect from Super-X four-quadrant configuration, but that a more symmetric holder geometry along the X-ray take-off direction from specimen to each detector would benefit quantification. Based on our calculations, we find that there is a discrepancy in beam blocking to the different detectors when using the FEI low background holder. In particular, the larger sidewall height along the X-ray path to detectors 2/3 introduces additional blocking as compared to the path to detectors 1/4. The securing clip legs cause further X-ray blocking along the path detectors 2/3. Therefore, reducing the sidewall height or redesigning the position of securing clip is suggested for optimum holder geometry.
Individual contributions to the effective solid angle
To better describe the contributions to the calculated X-ray counts, two-dimensional maps of the detector collection can be calculated as a function of specimen tilt, see Figure 10 . Generally, the maximum counts are found at one corner of the map, while at the opposing corner zero counts are collected. This directly corresponds to the four-quadrant Super-X detector geometry, as the detectors are positioned symmetrically with respect to the X and Y-axes. Further, the maps also exhibit a flat and non-symmetrical, 'V' shaped contour.
Regarding the intensity ratio maps, Figures 10i-l, a maximum ratio is also seen at one map corner. The 'V' shape from the counts map is not directly reflected on the ratio map, but the abrupt change of the intensity ratio trend occurs at a tilt of ±15-30
• along X-tilt and ±5
• along Y-axis . Beyond the similar trends, slight differences in the contour positioning and spacing occurs between the individual detectors.
This is due to the combined effects of holder geometry, specimen shift and/or specimen geometry.
The benefit of the numerical model presented here is that each contribution to Equation 3 can be investigated separately. In particular, the (i) specimen absorption, (ii) specimen carrier filtering, (iii) clip shadowing, (iv) holder frame shadowing, and (v) grid shadowing are sequentially added and compared in Figure 11 . The general shape of the contours is dominated by specimen absorption as shown in Figures 11a, f and k. Furthermore, stronger specimen absorption occurs for Al-K than for Ni-K as expected. With the Be carrier filtering added, a significant drop of Al-counts is seen in Figure 11b . Ni-K counts are also slightly reduced in Figure 11g , indicating the smaller absorption of Ni-K X-rays by Be. In this way, the filtering effect causes a decrease of the intensity ratio, as shown in Figure 11l . Furthermore, the Softlock clip significantly shadows Ni-K X-ray, which can be seen from the contour shifts of Figure 11h .
The 'V' shaped contours originate from X-rays that are blocked by the holder frame. As seen in Figure   11i , strong holder shadowing occurred at negative X and Y tilt directions. The increase of Al-K/Ni-K can be seen in Figure 11n when holder shadowing is present. In fact, specimen absorption and holder carrier filtering will cause a smaller Al-K/Ni-K intensity at lower X-ray takeoff angles. It is the blocking of these low takeoff angle X-rays that eventually increases the overall intensity ratios. Consequently, the Al-K/Ni-K intensity ratio is found to be counter balanced by the specimen absorption/filtering effects and shadowing effects, i.e. the former decreases the ratio and the latter increase the ratio. The grid shadowing has little impact as shown Figure 11j , with only slight shifts in the contour lines.
With all the detector signals summed, the overall Al-K and Ni-K counts are given in Figure 12a , b. The peak of the map appears to be located near the zero tilt position. However, significant variation of the Al-K and Ni-K counts occurs with respect to tilt. This indicates that composition quantification based on the absolute X-ray counts can be very sensitive to specimen tilt. In contrast, the variation of the intensity ratio map is much smaller. As shown in Figure 12c , the change of ratio within ±15
• of X or Y tilt varies about 5%. In this region, it may still be reasonable to apply a constant k-ratio factor for EDS analysis. At higher tilts, the variation of the ratio also becomes larger, indicating a correction factor should to be used under these conditions.
Influence of specimen shift
Moving the sample within the pole-piece gap changes the location of X-rays emanating from the specimen.
This alters the geometric relationship between the X-rays and the holder. Figure 13 shows maps of Al-K and Ni-K counts and ratio in the range of a ±0.5 mm shift of the specimen in X and Y direction.
At zero tilt, both the absolute counts and intensity ratio show minimal variance within ±0.5 mm X-shift and ±0.2 mm Y-shift. A significant drop occurs, however, beyond ±0.3 mm of Y-shift. This is due to the 
Spurious X-ray generation
To examine the effect of spurious X-rays, a FIB cut Ni 3 Al specimen is considered. For the model, the FIB specimen surface is approximately flat. With the the FIB specimen attached to a 'M'-shaped Mo grid close to the grid sidewall, the Al-K counts measured in the experiment are found to deviate significantly from the model as shown in Figure 14a . Likewise, the Ni-K counts for detector 1 and 2 are also higher than the model prediction as in Figure 14b . Concomitantly, a sharp rise in the Mo-K and Mo-L counts is observed in the same spectrum as shown in Figures 14 c and d .
Regarding the source of the spurious signal, a large Mo K/L ratio indicates that stray X-rays are likely the cause, while a low Mo K/L ratio signals stray electrons [1] . The low Mo K/L ratio from detector 3 and 4 can thus be attributed to stray electrons, where the scattered electrons happen to strike the grid sidewall.
For detectors 1 and 2, the comparatively larger Mo K/L ratio indicates the presence of stray X-rays. The strong Mo-K/L X-rays, as well as the Bremsstrahlung background, can flood the grid and specimen. As a result, Al-K and Ni-K characteristic X-rays fluoresced from a large area, thereby increasing the absolute counts beyond the predicted model.
The increment of Al-K or Ni-K counts in Figure 14a and b, however, cannot be directly linked to the change int Mo signal. Instead, other sources are likely present. For example, backscattered electrons or secondary electrons can also play a role in generating the spurious X-ray from the sample. Given the complexities associated with spurious X-rays, caution should be taken for sample preparation geometries prone to their generation.
Conclusion
A numerical model has been established that incorporates the detailed holder geometry and the combined effects of (i) specimen absorption, (ii) specimen carrier filtering, (iii) clip shadowing, (iv) holder frame shadowing, and (v) grid shadowing. The numerical predictions of Al-K and Ni-K counts derived from the model have been shown to be in excellent agreement with experiment as a function of X and Y tilt from -30
• . Furthermore, the qualitative and quantitative agreement with experiment across the tilt range enables the capability to calculate correction factors for improved quantification accuracy regardless of tilt. While the individual detectors show strong variation in effective collection efficiency with tilt, the detector sum largely shows a balanced total with reduced error. As a next step, more complicated specimen geometries can be readily included in the numerical model to investigate its role on influencing energy dispersive x-ray spectroscopy with multiple detectors.
Appendix A. Supporting Information
The following describes the Supplementary movies related to this article.
Movie 1. An illustration of the specimen holder shadowing as it is tilted along X and Y directions.
Movie 2. Visualization of the algorithm that is used to determine if X-rays are blocked by the specimen holder.
